Abstract. Bionanotechnology has seen much interest in the past few years. The development in new nanotechnologies and the transfer of such to biomedical applications has been received with large expectations. Here we will describe some of the most common techniques to prepare surfaces with nanometric sized features and how they have been applied to control cell behavior. The focus, however, will be on electron beam lithography and its use in biological applications. We will show that such highly ordered surfaces exhibit low adhesive properties for cells. Also, such topographies change the wetting properties to be either more hydrophilic or hydrophobic depending on the surface energy of the flat surface. Today, little research has found its way to the commercial market. This is mainly down to the ability to make large areas or large quantities of nano patterned materials. We will describe a few methods by which we think it would be possible to mass produce nano topographically patterned surfaces.
Introduction
In this report we want to describe some of the most common technologies used in preparing nano patterned surfaces for biological applications. We will also describe some of the technology which could be used for mass production of medical products. There has been a vast amount of work done in investigating cell response to nanometric surface features for a number of reasons. All materials will have a surface topography and depending on the processing it may range from a few nanometers to tens of micrometers. However, over the past three decades it has become apparent that a controlled surface topography can be used to direct and control cells in a desirable manner. As technology has progressed not only has it been possible to observe smaller and smaller features but also to prepare them with an increasing degree of control.
There is a great interest in controlling cell positioning, orientation, proliferation, differentiation and gene expression. The approach is twofold and can be achieved by chemical or topographical patterning. In this report we will focus on topographical cues to control cell behavior on surfaces. We are particularly interested in carefully controlling the surface topography because as a material comes in contact with blood (in vivo) or serum (in vitro) proteins will adsorb onto the surface and change the original surface chemistry. However, topography is unaltered after adsorption and will maintain the same guidance cues irrespective of the surface chemistry and the material. To influence a cell and its shape the lateral dimensions of the topography must be smaller than that of a cell which is 5-100 µm (depending on cell type). Such lateral dimension can be achieved by photolithographic techniques commonly used in semiconductor fabrication. However, the depth or height of the topographic features encountered by the cells is also of importance. Again, turning towards semiconductor fabrication the use of reactive ion etching (sometimes known as dry etch). It is a technique by which it is possible to anisotropically etch into the substrate using the patterned resist as a mask. The process leads to vertical profiles in the substrate.
The first report on cell alignment to their environment was reported by Weiss in 1958 and termed contact guidance [1] . In brief, topographic features of varying width were investigated from the mid 1980's to the mid 1990's. Many of these pioneering experiments were carried out by Brunette and Curtis & Wilkinson. The effects observed were alignment to grooves, increased motility and increased production of mRNA.
By the mid 1990's the technology caught up with the cell and tissue engineering community and made it possible to fabricate features with dimensions of less than 1 µm over areas suitable for cell experiments. The required technology was specialized and expensive which meant a relatively limited community had access to such materials. It was by the use of such techniques that the initial investigations of cell response to well-defines surface topographies was initiated. Wilkinson has published a brief review of the technology development from the early experiments to present day [2] . The early nano structured materials were made by sophisticated equipment which was limited to a few research labs. As a result a parallel search for methods to achieve nanometrically defined surface features began. New emerging methods include polymer phase separation, colloidal lithography and biomolecule imprints.
Fabrication technology
There is a range of different methods for preparing surfaces with various degrees of controlled nano topography. We will mention the most common here but focus on highly defined topographies made by electron beam lithography. Fig. 1 shows atomic force micrographs of surface topographies with a decreasing degree of control. 
Natural nanotopography
Nature has perhaps the ultimate degree of control [3] . For example, the sequence of amino acids determines the three dimensional structure of the protein. Collagen is the most common protein in connective tissue and exhibits a very unique surface topography when assembled in its fibrillar form. The fibrils have a 69 nm cross-band striation which is clearly visible in the AFM micrograph, Fig. 1A . This topography was successfully transferred to an all polymer material by an injection molding process [4] .
Electron beam lithography
Electron beam lithography (EBL) is the technology with the highest control of pattern arrangement and lateral dimensions. Dimensions as small as 3-5 nm are possible [5] . A narrow beam of electrons is focused and raster scanned across an electron sensitive material -the resist. The exposed resist will either be removed or left behind after development, positive or negative tone resist respectively. The vertical dimensions can be controlled by either the thickness of the resist or by reactive ion etching (RIE). Typically the resolution of both techniques is a few nanometers. EBL is
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Biomedical Applications of Nano Technologies time consuming and the equipment is very expensive. We have developed a method that dramatically reduces the exposure time. This will be described more in detail later.
Colloidal lithography
In colloidal lithography small spheres of either polymer [6] or gold [7] are deposited on a surface, see Fig. 1C . The density of the particles on the surface can be controlled by the ionic strength of the supporting buffer. The charge on the particles will be screened at increasing ionic strength of the buffer. The lateral dimension of the features is controlled by the size of the particles used. However, by forming a complete monolayer the feature size can be reduced to the gap between the densely packed spheres [8] . The geometrical arrangement is random or in the case of densely packed spheres, hexagonal. The vertical dimension is determined by RIE where the colloids act as a mask. The shape of the features can also be controlled by the RIE process from hemispheres [9] to cones and pillars [10] . The technique is relative simple and only requires access to RIE as specialized equipment. The technique has the potential to be applied to large areas. Polymer phase separation When mixing two incompatible polymers in a common solvent and spin coat the solution on a surface, the two polymers phase separate and form a nano topographic surface, see Fig. 1D . The composition, concentration of the blend and the spin speed determines the topography formed [11, 12] . After spin casting the substrates are generally ready for use without further processing [11] . However, some mixtures require an annealing step to obtain a uniform surface chemistry [12] . Although the technique is very simple it has some limitations. The vertical dimensions can be controlled by composition and concentration whereas the lateral dimensions of the features are not uniform in size. The technique is simple and requires very little equipment and can be scaled up to large areas.
Polishing
The topography formed by polishing is a deliberate or inadvertent result of the processing [13] . A roughened surface typically carries micrometric topography which has been added to increase tissue integration. Typically the range of dimensions can be from tens of nanometers to tens of micrometers [14] .
Pattern generation and replication
Some of techniques above severely limit the numbers of samples obtainable or the materials used during fabrication are incompatible for biological applications. Most commonly biological experiments are carried out on polymeric substrates. The patterns form by the various techniques described in the previous section can be transferred in a 3-step procedure, Fig. 2 .
Patterning (1) & (2)
Although the patterning time can be short for some of the fabrication technologies it might not be feasible to produce the required numbers for cell culture experiments or the materials used are incompatible with biological systems. To overcome this hurdle the formed pattern (master structure) can be transferred to a polymeric material by mechanical pattern transfer as described in the next sections. The master structures can be made by EBL or the emerging technologies.
Die fabrication (3) & (4)
To be able to transfer the pattern to a polymeric substrate by mechanical pattern transfer, a die is required. In this second step, the die can be formed directly in the resist patterned substrate (silicon) by RIE. The RIE process is an anisotropic etch step in which the resist pattern is transferred into the substrate. Alternatively a nickel shim can be formed by electroplating [4] of the patterned resist sample. This is the technique underpins the success of optical media storage (CD and DVDs).
Replication (5) & (6)
In the final step the die produced is used to transfer the pattern to a polymeric material by either hot embossing or injection molding. Hot embossing is a relatively simple but slow method (several Advances in Science and Technology Vol. 53minutes). The die is pressed into the molten polymer with a given force, F. The technique is similar to nanoimprint lithography which has shown the ability to transfer patterns smaller than 10 nm [15] . Injection molding [4, [16] [17] [18] , however, is fast and is industry's preferred method for fabricating large quantities of samples. The best known nano patterned material is the DVD. The pit size in a DVD is about 300 nm in diameter and 120 nm deep. The short cycle time (few seconds) is achieved by injecting the molten polymer at a high velocity, v, into to a mould encompassing the nickel die. The mould is kept at a temperature at which the polymer solidifies when the mould is filled. The advantage of injection molding is not only the low fabrication costs but also that the final object is not limited to a flat surface. For prototyping purposes in the lab we have shown that it is possible to use a low melting point polymer (polycaprolactone) and a hotplate to emboss features as small as 20 nm [19] . 
Fabrication of highly ordered nano arrays
We have a particular interest in electron beam lithography (EBL) for pattern definition because of its performance and precision. As described in the text above EBL has some disadvantages such as price and preparation time, however, it is currently the only technique by which it is possible to control the lateral dimensions of features to less than 10 nm and with a position accuracy of about 1 nm. Even over large areas, several cm 2 , the precision of a state-of-the-art system is about 20 nm. Specifically, we are interested in fabricating large areas of highly ordered arrays of nano pits or pillars. They are formed by a high-speed patterning process whereby the patterning time for 1 cm 2 of 1 billion features (about 120 nm in diameter and spaced 300 nm apart) can be achieved in 1 hour [19] . Using a conventional patterning approach would this would take more than 80 hours. In brief, we use the Gaussian shape of the beam to form the pits or pillars from a single exposure. Normally, features are made from multiple exposures with a spot smaller than the feature. In our approach the spot size and the electron dosed applied will determine the final dimensions of the feature. It is also possible to change the geometrical arrangement without affecting the required fabrication time [20] . See Fig. 3 .This is a very precise and fast method. The method for reducing patterning time is described in more detail in [19] . From the patterned resist we make a nickel shim by electroplating which then is used for either hot embossing or injection molding. The technique has successfully produced large quantities of nano patterned substrates with features as small as 35 nm in diameter [21] . Large quantities and large areas So far the technologies described here have found little way to medical applications. Only the least controlled technology, polishing, seems to have been applied more or less effectively to promote or prevent tissue integration. Some of the obstacles for bringing the other technologies to "real" applications are the preparation of large quantities, sufficiently large areas and non-planar surfaces. The preferred industrial method for making large quantities of patterned polymeric materials is injection molding. Today the technology is already being used to fabricate very large quantities of nano patterned materials -the DVD. We have demonstrated large quantities of nano patterned material could be envisaged by injection molding [4] . Much like the CD and DVD production, the initial costs are high but by producing thousands of replicas the actual costs are minimal. CDs and DVDs are now freely distributed with for example news papers. Roller embossing is a different technology for making large areas of patterned polymeric material. This is the method behind the realization of holograms in large quantities [22] . The drawback is that there will be a stitch error for every revolution of the roller. In some applications this could be problematic in others acceptable.
Biological response to nano patterned surfaces
The biological response to nano patterned surfaces is well documented in the literature. In fact most cell biology is probably carried out on surfaces exhibiting a nano topography. A closer look at a tissue culture dish shows that it has an ordered nano topography as a result of the polishing process [23] . Cell response to various topographies formed by EBL has been investigated. Texeria et al.
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made grooved substrates in silicon with ridges as narrow as 70 nm [24] . They found that cells aligned to the topography and that the intracellular components (f-acting and focal adhesions) were arranged accordingly. This observation extends from 70 nm up to 50 µm with actin and tubulin filaments aligned to the underlying topography [25, 26] . We have turned our interest towards surfaces with highly ordered arrays of nano pits as a combination of the biological response and the ease of fabrication. We have found that such nano pitted surfaces exhibit low adhesion properties for a number of different cell types [21, 23, 27] . See Fig. 4 . We have prepared surfaces with pits as small as 35 nm with a constant density (about 15%) and still observed the low adhesive properties [21] . We found that the cytoskeleton (most notability actin) was affected by the topography on pits with dimension from 35 nm to 120 nm. Insert, SEM of the nano patterned region of 100 nm deep pits with a diameter of 120 nm on a 300 nm pitch.
As described above we have also changed the geometric layout of the pits to investigate the importance of that. It appears that cells can sense such geometrical arrangement of the pits [28] . Recently we have also seen that stem cells can sense the difference between a square and hexagonal geometry (unpublished). We are currently investigating this in more detail.
Physical properties of highly ordered nano arrays
The surface energy plays a key role in the cell-surface interaction [29] . To gain a deeper understanding of the observed biological effects on the highly ordered nanotopographies we have turned towards water contact angle measurements. The wettability of a substrate primarily depends on the chemical composition but topographical effects may noticeably the water contact angle. Initially, as the roughness increases on hydrophobic surfaces the advancing angle increases too but not the receding angle. However, as the actual surface area increases the hysteresis (difference between advancing and receding angle) decreases. The first scenario is called the Wenzel regime [30] which implies that the water is in contact with the entire surface. The latter scenario, however, is described as the Cassie-Baxter regime [31] . This regime is entered as air is trapped in the surface topography. This means that the drop is sitting on a composite surface of solid and air. As the hysteresis decreases the drops become unstable and can easily roll off. This is the phenomenon by which the Lotus plant is self-cleaning [32] , where the droplets remove contamination from the leaf surface.
Also the water contact angle is affected in the hydrophilic regime. Here, the contact angle decreases with an increase in the surface topography. This can be described by either the Wenzel model or the Hemi-Wicking model [33] . The latter assumes that the drop is sitting on a composite surface of solid and liquid.
Biomedical Applications of Nano Technologies
Recently, we have reported that the Wenzel and Cassie-Baxter models (among others) can successfully predict the contact angles on nanotopographies similar to those used for biological experiments [34] . In particular, high aspect-ratio nano-pillars have been proven to induce superhydrophilicity (with contact angle θ=0°) and super-hydrophobicity (with contact angle θ=164°) when the surface chemistry was switched from hydrophilic (with contact angle on the flat control θ=35°) to hydrophobic (with contact angle on the flat control θ =114°), respectively. Well-defined micrometric surface topographies have previously been used on investigate the various regimes [35] .
Taking the fabrication to the 3 rd dimension
The presented technologies are all used to make 2D surfaces. This limits their applications in tissue engineering where true 3D scaffolds are needed. 3D scaffolds for tissue engineering are today made by salt leaching, electro spinning, or gas foaming. Common for the aforementioned techniques is the lack of complete dimensional control in 3D. In attempts to carefully control the nano topography in 3D, we have applied the polymer phase separation system through small tubes. The result was tubes with an internal nano topography which could be controlled [36] . By using a different concentration of the polymer solution or applying different pressures, the orientation and dimensions of the topography could be controlled. The variation in topography triggered different cell responses.
In a different approach we have used thin polymeric sheets of biodegradable materials which are patterned on both sides. One side carries a non-adhesive nanotopography, which was described earlier, and the other side a micrometric hierarchal topography with grooves for cell guidance and a set of spacers. The latter will form channels when the sheet is rolled up [37] .
